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ABSTRACr The order of proton uptake and release in an aqueous suspension of purple membrane in response to a light
flash has been investigated at lowered pH. pH indicator dyes and a flash spectrophotometer were used for the study. At
pH 6.6 it was found that the release of protons from the purple membrane precedes uptake, as reported by other
investigators. At pH 5.9, 4.9, and 4.1 it was also found that release precedes uptake. These results are not in agreement
with those of previous investigators.
INTRODUCTION
Bacteriorhodopsin (bR) is a light activated proton pump
that transports protons across the plasma membrane of
Halobacterium halobium. This protein is found in large,
ordered, two dimensional arrays known as purple mem-
brane sheets. Recent reviews cover these and other aspects
of bacteriorhodopsin in detail (1-4).
When an aqueous suspension of purple membrane sheets
is illuminated, a transient change in the pH of the bathing
solution is observed. This uptake and release of protons into
the bathing medium has been investigated in some detail.
An optical method employing pH sensitive dyes (5-7), a
volumetric technique (8), and a novel technique based on
changes in the ohmic conductance of the bathing solution
(9) have been employed for these studies. Near pH 7 it was
found that protons are first released into the bathing
solution from the photo-stimulated protein and then taken
up (5-9) by it. However, at lowered pH (pH 4 to 5) single
flash measurements have been reported in which the
sequence is reversed, that is uptake precedes release (5, 9).
Steady-state measurements at low pH using pH electrodes
and an aqueous suspension of purple membrane sheets
have been reported (10) that show alkalization of the
bathing medium under illumination. This was interpreted
as demonstrating that uptake of protons occurs more
quickly than release at low pH.
The retinal chromophore of bR is connected to a lysine
residue of the opsin by a Schiff base, which is protonated in
bR568 (11, 12). Studies have tested the notion that proton-
ation of the Schiff base is correlated with the photoreaction
cycle of the chromophore and with proton release and
uptake from the bathing medium (6). In particular,
detailed studies at pH 7 indicate that, in the M412
intermediate of the photoreaction cycle, the Schiff base is
deprotonated (12, 13). Measurements of the K (11) and L
(14) intermediates show that they are protonated, and
M412 is therefore the first deprotonated intermediate
(14). The formation of 0640, the principle intermediate in
the M412 to bR568 conversion, has been kinetically asso-
ciated with uptake of protons by bR (15), and at pH 7 it is
found to be protonated (16). To our knowledge the proton-
ation state of M412 intermediate has not been studied at
low pH (pH 4 to 5).
The decay of M412 has been correlated with the uptake
of protons from the bathing solution (17, 7), and from pH 7
to 4.5 the time constant of this decay has been shown to
increase (18). Over this pH range the time constant of
M412 formation remains constant (19). If the sequence of
release and uptake is reversed at lowered pH and the
photoreaction cycle is essentially unaltered, then the corre-
lation between the two becomes obscure.
We have repeated measurements of the uptake and
release sequence at low pH and find that release precedes
uptake in agreement with the order of events near neutral
pH.
MATERIALS AND METHODS
Bacteriorhodopsin in the form of purple membrane sheets was derived
from strain JW 3 of Halobacterium halobium following the procedures of
Becher and Cassim (20) with some minor modifications. Samples were
stored in 40% sucrose (wt/wt) at 40C. Small aliquots were removed from
this stock solution and used within 10 d. The sample was dialyzed for 24 h
to remove sucrose.
The flash spectrophotometer used for this investigation was con-
structed in our laboratory. The actinic light flash was provided by a
flashlamp-pumped dye laser (model CMX-4; Chromatix Inc., Sunnyvale,
CA) using rhodamine 590 dye and operating at a wavelength of 598 nm.
The flash had a pulse width of 1 js and an energy of 3 to 4 mJ as
measured by a calibrated bolometer (Scientech Instruments, Inc., Bould-
er, CO). A beam splitter in the laser beam sent a small fraction of the
actinic beam to a PIN photodiode. The output of this photodiode was fed
to the B channel of a Nicolet 4094 digital oscilloscope (Nicolet Instru-
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ment Corp., Madison, WI), and served as an external trigger. The
amplitude of this signal was also used to monitor the laser intensity.
The light source for the measuring beam was a quartz halogen lamp
(I150 W). A stabilized, 24 V DC power supply was used for the lamp. The
measuring beam passed through a high intensity, grating monochromator
(Bausch & Lomb Inc., Rochester, NY) (1,200 grooves per millimeter)
and was collimated by quartz lenses through the bottom third of a 1 x 1
cm quartz cuvette containing the sample. The volume of interaction
between the two beams was maximized by using a quartz lens to spread
the laser beam to approximately the size of the sample (1 x 1 cm). The
measuring beam, after passing through the sample, was then focused by a
quartz lens on a UV enhanced, inverted channel, PIN photodiode
(UDT-UV005; United Technologies Corp., Hartford, CT). Appropriate
interference filters were used to isolate the detector from the actinic laser
flash. After amplification by an op-amp (OPACM 104 cm; Analog
Devices Inc., Norwood, MA) in a current-to-voltage configuration, the
signal from the photodiode was stored by the Nicolet oscilloscope. Signal
averaging was used when it was found desirable to improve the signal to
noise ratio.
The proton uptake and release to the bathing medium of the photoacti-
vated bR sample was monitored by using a pH indicator dye. To observe
the time dependent absorbance change of the dye it was necessary to
perform a difference measurement that removes the absorbance changes
of the photocycling bacteriorhodopsin. This may be accomplished in
either of two ways: (a) by comparing the absorbance changes of two
samples with and without dye, or (b) by comparing two samples contain-
ing dye, with one containing an appropriate buffer. We chose the first
method because of possible problems associated with an ionic strength
effect on the photocycle kinetics (21). A second reason for not choosing
the buffer method was a recent observation of a flash induced absorbance
change due to proton release in a buffered solution of purple membrane
and p-nitro-phenol (22).
The data was transferred from the Nicolet 4094 (Nicolet Instrument
Corp.) to an IBM PC (IBM Instruments, Inc., Danbury, CT) for further
analysis. Along with the flash-induced kinetic absorbance data we
included the voltages corresponding to the absolute baseline and the
magnitude of the laser flash intensity in each computer data file. The
absolute base line was used to calculate the absolute absorbance change
from the observed intensity change. This is a necessary step for comparing
changes in two separate samples with different initial absorbances. Both
traces were normalized to the same actinic flash intensity. Following these
procedures a computer program performed the appropriate subtraction
and plotted the absorbance change of the dye.
The pH indicating dyes used in this study were either those used by
other investigators (p-nitrophenol, bromocresol green) (5-7) or were
selected according to a modified protocol of Lozier (21). The final choice
of a dye had to satisfy several experimental considerations: (a) The dye
should be soluble in water and have little affinity for the purple
membrane. (b) The dye should not affect the photocycle kinetics of the
bacteriorhodopsin. (c) The absorbance of the dye must be sensitive to
changes in pH at the pH of interest. (d) The dye should show little or no
absorption at the actinic wavelength (598 nm). This last requirement is
essential if one is to compare samples with and without dye.
P-nitrophenol was satisfactory near pH 6.6 and pH 5.9. A search of
other pH indicating dyes showed that 2-5 dinitrophenol is suitable for
measurements near pH 5 while 2-4 dinitrophenol can be used near pH 4.
The static absorption spectra of these dyes at different pH were obtained
using a Hewlett-Packard spectrophotometer (model no. 8450 UV/vis).
No dye was detected when a pellet of bR from a dye-bR sample was
resuspended in distilled water. The static absorption spectra of the dyes
was unchanged in the presense of bR. The time-dependent absorption at
660 nm of light-activated bR was unaffected by the presence of any of the
three nitrophenol pH indicator dyes.
Bacteriorhodopsin has significant buffering capacity in the full pH
range of interest. This buffering effect was taken into account by
measuring the change in static absorbance of a mixture of purple
membrane and dye as a function of H+ added. The buffering capacity of
the purple membrane alone was also measured independently, using a pH
electrode and titrating against HCI.
Table I shows the type of indicator dye used for each pH along with the
dye concentration and measuring wavelength for each sample. All
measurements were made at a bR concentration of 3 IAM in 250 mM KC1.
This salt concentration was used to maximize proton pump activity (7, 8).
All measurements were carried out at room temperature, 19-210C.
RESULTS
A typical set of time dependent absorption curves used to
determine the proton concentration in the bathing medium
after a light flash is shown in Fig. 1 for 2-5 dinitrophenol at
pH 4.9. Curve 1 a (without dye) is subtracted from curve 1
b (with dye) to yield AA, the dye response. AA is linearly
related to the number of protons released to the bathing
medium when the buffering of the bR sample is taken into
account (see Methods above). AA can be converted to ApH
which measures the number of free protons in solution not
the number released to solution. AA/ApH in Fig. 1 is
0.51.
Fig. 2 shows a similar set of absorption curves taken with
and without 2-4 dinitrophenol at pH 4.1. The dye response
is shown in Fig. 2 c and is consistent with release preceding
uptake at pH 4.1. The results shown in Figs. 1 and 2
contradict the order of uptake and release reported by
Dencher and Wilms at pH 5 (5) as well as the results
reported by Marinetti and Mauzerall at pH 4.2 (9).
Further studies at pH 5.9 and pH 6.6 using the indicator
dye p-nitrophenol were consistent with results reported by
Lozier et al. at pH 6.5 (6) and Govindjee et al. at pH 6.6
(7), which showed that release precedes uptake.
An attempt was made to repeat the results of Dencher
and Wilms using bromocresol green. The high absorbance
of this dye at the actinic wave-length (OD = 0.7 at 598 nm
for a 4 ,uM solution at pH 5) means that the two samples to
be compared must both contain dye, and one must be
buffered. Dencher and Wilms used 6 ,uM bR and 46 ,M
bromocresol green in distilled water as the sample, and the
same concentrations of dye and bR in 98 mM citric
acid/phosphate buffer as the control, both at pH 5. It was
necessary to reduce the dye concentration to 4 ,uM since 46
,uM bromocresol green has an OD of -10 at 620 nm and
pH 5, which was too high for our system. We found that
the buffer had a significant effect on the bR photocycle at
620 nm. This was found to be consistent with an observed
ionic strength effect on the photocycle (unpublished
results). To negate the ionic strength effect an experiment
TABLE I
Dye Measuring
pH Dye concentration wavelength
5.90 p-nitrophenol 170,uM 400 nm
5.00 bromocresol green 3 ,M 620 nm
4.90 2-5 dinitrophenol 190,uM 435 nm
4.10 2-4 dinitrophenol 70MM 400 nm
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FIGURE 1 The flash-induced absorbance change of bacteriorhodopsin
at 435 nm is shown: (a) bR without pH indicator dye. (b) bR in the
presence of 190 AiM 2-5 dinitrophenol. (c) b-a, the flash-induced
absorbance change of 2-5 dinitrophenol. The curves (a, b) are the average
of 100 flashes, 5 s apart. Both of the solutions contained 3gM bR and 250
mM KCl with the pH adjusted to 4.90 using HCl. The first 148 jis of the
traces are obscured by the photodiode's recovery from the laser flash.
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FIGURE 2 The flash-induced absorbance change of bacteriorhodopsin
at 400 nm is shown: (a) bR without pH indicator dye. (b) bR in the
presence of 70 jIM 2-4 dinitrophenol. (c) b-a, the flash-induced absorb-
ance change of 2-4 dinitrophenol. The pH of both solutions was 4.10. The
solutions contained 3 AM bR and 250mM KCI. The curves (a, b) are the
average of 32 flashes, 5 s apart.
was performed using 4 ,M bromocresol green in a solution
of 3 MM bR and 250 mM KCl for both the sample and
control. The control was buffered at pH 5.0 by 10 mM
malic acid. Measurements at 620 nm on this pair yielded a
dye signal that showed release of protons occurring first, in
agreement with our other measurements.
CONCLUSIONS
We find that the order of uptake and release is not reversed
when the pH is lowered to pH 4.9 or pH 4.1. We suspect
that our results differ from those of Dencher and Wilms
because they did not take into account the effect of ionic
strength on the photocycle. When the ionic strength of the
sample and control were balanced, bromocresol green gave
results at pH 5.0 consistent with release preceding uptake.
Lozier (21) has criticized the photoconductivity mea-
surements for determining proton release and uptake by
purple membrane sheets in an aqueous solution on the
basis that the results can be complicated by motions of
charges other than protons. Marinetti and Mauzerall (9)
seem to have taken this into account by varying the buffer
concentrations. We do not know why our results differ
from those of the photoconductivity measurements.
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